Many new types of breakwaters have been constructed of lateto fulfill the ever increasing demand of marine traffic. The quarter circle breakwater (QBW) is a recent type of breakwater developed on the lines of an earlier semicircular breakwater (SBW). QBW may be without perforations, seaside perforated or both sides perforated. A series of laboratory experiments were conducted in a two dimensional monochromatic wave flume on an emerged seaside perforated non-overtopping quarter circle breakwater model to study its stability against sliding. The scale of the model was 1:30. A range of incident wave heights (H i ) and wave periods (T) were generated in the flume simulating the wave climate off Mangaluru coast in the Karnataka State of India. The experimental data so collected was analyzed to understand the variation of the non-dimensional stability parameter with incident wave steepness for different values of dimensionless depth parameter In the end a nomogram was developed for computing the sliding stability of the breakwater.
INTRODUCTION
Man-made structures like breakwaters address a variety of coastal problems such as providing vessel shelter, and, coastline recession. The cost of breakwaters increases dramatically with water depth and wave climate severity. In addition, poor foundation conditions significantly increase costs. Analysis of stability of breakwater ensures its optimum weight and thus minimum material and cost.
The quarter circle breakwater (QBW) is a new type of breakwater. It is a composite, with a rubble mound foundation with superstructure and superstructure consisting of a quarter circle surface facing incident waves, a horizontal bottom and a rear vertical wall. (See Fig. 1 referred to later). The QBW prototype is composed of a precast reinforced concrete structure built with a quarter circular front face, a vertical rear wall and a bottom slab. Unlike conventional breakwaters, the quarter circle structure is hollow, thus considerable reduction in material cost can be achieved. The prefabricated structure is placed on a prepared rubble mound foundation. The wave force acting on a quarter circle breakwater is considerably less compared to that of a vertical breakwater. The vertical force acting on the foundation soil is small and uniformly distributed. This feature is advantageous in soft soil foundations. Also there is no in-situ concrete casting work for the quarter circle structure. It is easy to re-lift the erected quarter circle structure in case of any such necessity. The present paper deals with laboratory investigations conducted to evaluate the minimum weight required for sliding stability of a seaside perforated QBW as a function of water depth, incident wave height and wave period for a given caisson radius R and structure height h t measured from sea bed.
LITERATURE REVIEW
A rubble mound breakwater obstructs the passage of fish, bottom dwelling micro-organisms, and also prevents water circulation causing poor water quality within the harbor area. It reflects much of the incoming wave energy back to the sea, causing severe erosion in front of the structure, and also affecting the stability of the structure. It also causes severe erosion by preventing littoral drift in nearby beaches. Jarlan (1961) first introduced the perforated breakwater with a front perforated wall, a wave energy dissipating chamber and a solid back wall. Significant damping of incoming waves was achieved by the generation of eddies and turbulence near the perforations in the front wall (Jarlan, 1961; Takahashi and Shimosako, 1994) and substantial reduction of wave impact loads (Takahashi et al., 1994) and wave overtopping (Isaacson, 1991) .
SHI Yan-Jiao et al. (2011) conducted a series of monochromatic and irregular wave experiments to study the reflecting and transmitting performance of QBW in comparison with those of a semicircular breakwater. Two kinds of reflection coefficients were discussed: (i). The Resolution reflection coefficient, K r =H r /H i , where H r and H i are the reflected and incident wave heights respectively. This coefficient represents the whole effect of wave reflection by breakwater.(ii). The Circular-surface reflection coefficient K rc =(H 4 -H i )/H i , where H 4 is the wave height obtained from the wave gauge 4 which was kept near to the breakwater on sea side. K rc was used to describe the reflective effect by the circular surface on the adjacent flow field in front of the breakwater. They found that the fact of K rc <K r at the same relative freeboard height (h c /H i ), where h c is the height of the crest above the water level, indicates that the entire reflective effect of QBW is stronger than that by circular surface on the adjacent flow field. They also stated that the reflection and transmission performances of QBW were more sensitive to the relative freeboard height (h c /H i ) than to the wave steepness (H i /L), where L is the incident wavelength. Both kinds of reflection coefficients reduced as h c /H i increased for submerged breakwater (h c /H i <0) and conversely showed a noticeable increase as h c /H i increased under the emerged cases (h c /H i >0). The experimental and numerical results of the resolution reflection coefficients for QBW under regular waves are compared with the consequent experimental results of the synthesis. They concluded that the reflective effects for irregular waves are stronger than those for regular waves. Jiang et al. (2008) conducted a 2-D (vertical) wave numerical model and physical model studies to study the performances of QBW by comparing the hydraulic behavior of SBW and QBW under same hydraulic conditions. As far as reflection was concerned, they found that the reflection coefficients of QBW and SBW were close with values less than 1.0 under the same conditions, even if structure height h c measured from water level,reached2 to 3 times of the incident wave height H i . The reflection coefficient K r increases with rise in h c /H i . They also stated that wave reflection for SBW and QBW should behave closely along with the behavior of flow field around breakwater. They found that high flow velocity and vortexes occur near the rear wall of QBW during wave overtopping in case of submerged condition, which was caused by the top sharp corner and sudden expansion of flow field around QBW. They concluded that the flow fields in front of the breakwater in both cases of submerged and emerged are similar, which imply the resemblance of reflection coefficients for both the breakwaters. Hafeeda et al. (2013) conducted experiments on hydrodynamic performance of emerged quarter circle breakwater for different wave heights and wave periods in different water depths. She concluded that as the wave steepness increases, the reflection coefficient increases for all water depths. Also with the increase of wave steepness there is a decrease in relative run-up and run-down. Yogesh (2012) investigated the influence of wave parameters, depth parameters and relative free board h c /H i , (where h c is height of crest of breakwater from water level, H i is incident wave height) on wave reflection coefficient(K r ) and transmission coefficient (K t ) on a semicircular and quarter circle breakwater models with different water depths. Arkal and Ravikiran (2013) conducted experiments on submerged quarter circle breakwater and reported that reflection coefficient K r increases with increase in incident wave steepness (H i /gT 2 ). Subba Rao and Sundar (2002) conducted experiments on hydrodynamic pressures and forces on a quadrant, front face pile supported breakwater. An experimental investigation on this breakwater model in a wave flume was carried out for three water depths. The dynamic pressures exerted along the quadrant front face due to regular waves were measured. The variation of dimensionless pressures with respect to a scatter parameter for different gap ratios (spacing between the piles/diameter of pile) and for different relative pile depths (water depth/pile height) were presented. In addition, the dimensionless total forces exerted on the breakwater model as well as its reflection characteristics as a function of scatter parameter were reported.
TEST MODEL
The breakwater model consists of three parts, top quarter circle shaped caisson, rear vertical wall and a horizontal base slab. Galvanized iron (GI) sheet of 0.002 m thickness was used to fabricate the quarter circle shaped caisson and the base was fabricated with cement concrete. The fabrication of the model was done in two steps: casting of the base slab and fabrication of the quarter circle caisson. After the fabrication, perforations of diameter 0.016 m were made on to the caisson body with spacing to diameter ratio (S/D) of 8. The breakwater model used in the experiments had a radius of 60 cm and the base plate dimensionswere0.70 m X 0.73 m X 0.015 m. The dimensions of QBW were selected in such a way that the structure should slide for the least value of incident wave height (H i ) and wave period (T) used in the experiments, so that additional weight may be added into the caisson body and thereby determine the minimum caisson weight (which includes the additional weight) required to resist sliding. Also dimensions for QBW were so chosen as to avoid the overtopping of incident waves and to ensure there is no transmission of waves by overtopping. Galvanized iron (GI) sheet of 0.002 m thickness was used to fabricate the quarter circle shaped caisson and the sheet was coated with cement slurry to simulate concrete surface. The sheet was fixed to the base slab with the help of stiffeners. Model was then placed over the rubble mound foundation of thickness 0.05 m on the scale of 1:30 [confirming to minimum thickness of 1.5 m prescribed by CEM, (2002)]. The stones weighing from 50 g to 100 g were used to form the foundation.
EXPERIMENTAL SETUP
The experiments were conducted in a two dimensional monochromatic wave flume available in the Marine Structures laboratory of the department of Applied Mechanics and Hydraulics, National Institute of Technology Karnataka, India. The model was placed on a rubble mound foundation having the slope of 1:2 and 28 m away from the wave flap. Three capacitance type probes were kept in front of the breakwater to measure the incident and reflected waves using the three probe method proposed by Isaacson (1991) . The first probe was placed at a distance L from the structure, and the distance between the probes was equal to L/3, where L was the wavelength. Wave bursts each of five waves were generated to avoid the successive reflection. The surface elevation measured by the probes were recorded by the wave recorder and the voltage signals were converted into wave heights and wave periods using the lab wave recorder software provided by EMCON (Environmental Measurements and Controls), Kochi, India.
A detailed study was carried out to analyze the stability of the QBW as a function of water depth, wavelength and wave height. A non-dimensional stability parameter W/γH i 2 was used to represent the stability, where W is the minimum weight of the QBW required to resist the sliding per unit length of the breakwater, γ is the specific weight of water and H i is the incident wave height. Variation of W/γH i 2 with incident wave steepness H i /gT 2 for different dimensionless depth parameter values d/gT 2 and for a constant ratio of caisson radius R to breakwater height h t (R/h t ), with h t measured from the sea bed to crest of the breakwater, and a constant ratio of spacing S to diameter of perforations D (S/D) ratio was studied. A burst of 5 waves of a particular wave period and height was generated and the model was checked for any sliding movement. If it was moving, an incremented weight of 2.5 kg (24.52 N) was added to the caisson structure and the experiment was conducted again. This process was repeated till the structure stopped sliding movement and that is the minimum weight required for the sliding stability of the QBW model. Experiments were conducted for each of the wave periods, wave heights and water depths. Figure 2 shows the longitudinal section of the wave flume used in the present study with other required accessories. The test conditions used in the experiments are as follows:
• Flume bed is horizontal and rigid. • Secondary waves during wave generation are not considered. • Wave reflection from the structure does not interfere with freshly generated incident waves, since the waves are generated in bursts.
•
The density difference between fresh water and seawater is not considered. • Generated waves are of simple monochromatic type. • Bottom friction effects are not accounted
RESULTS AND DISCUSSION
Analysis of results on the sliding stability of the breakwater was carried out. The stability was represented by the non-dimensional stability parameter W/γH i 2 . Wave heights and wave periods were recorded using EMCON's lab wave recorder software. The inputs to this software were the measured surface elevations from the three wave probes. The data was analyzed for spikes by a MATLAB program. The graphs of non-dimensional stability parameter (W/γH i 2 ) against the incident wave steepness (H i /gT 2 ) are plotted for different values of dimensionless depth parameter (d/gT 2 ), but for a constant radius to height of breakwater ratio (R/h t =0.902) and a constant value of spacing to diameter of perforations ratio (S/D=8). Different ranges of dimensionless depth parameter (d/gT 2 ) values used in the present study were 0.005-0.010, 0.010-0.015, 0.015-0.020,0.020-0.024. The equation for the best-fit line was obtained by the method of least square regression and it was found that logarithmic fit was the best-fit, as it gave the maximum value of the correlation coefficient R in all the four cases of values of d/gT 2 (i.e. 0.005-0.010, 0.010-0.015, 0.015-0.020, and 0.020-0.024)depicted in Figures 3 to 6. These graphs provide an idea as to how the minimum weight required varies with water depth, wavelength and wave period. This is discussed below.
Figures 3 to 6 show the variation of W/γH i 2 with incident wave steepness H i /gT 2 for different ranges of d/gT 2 . As the wave steepness increases, minimum weight required for sliding stability decreases. This is due to fact that relatively long period waves (low steepness) exert more force on the caisson demanding more minimum weight and short period (steep) waves transfer less force, hence low minimum weight value is required. The disturbance caused by the increase in force is stabilized by increasing the weight of breakwater by adding additional weight into the caisson. In all the cases, it is found that the non-dimensional stability parameter (W/γH i 2 ) decreases with the increase of incident wave steepness (H i /gT 2 ). Figure 7 represents the variation of W/γH i 2 with H i /gT 2 for different ranges of d/gT 2 values for constant (R/h t ) and S/D values as mentioned earlier. It is found that as the dimensionless depth parameter d/gT 2 increases, the value of W/γH i 2 also increases for the given wave steepness. This is because higher the water depth, greater is the area of the QBW caisson structure exposed to wave action, and hence the increase in d/gT 2 causes more force and increase in W/γH i 2 . This means more structure weight is required for sliding stability in larger depths. 
CONCLUSIONS
Stability characteristics of an emerged, seaside perforated, non-overtopping, quarter circle breakwater with S/D=8 and R/h t =0.902 are analyzed with respect to incident wave steepness and dimensionless depth parameter. Based on the results obtained following conclusions have been drawn:
• The non-dimensional stability parameter (W/γH i 2 ) decreases as incident wave steepness increases for the breakwater for all d/gT 2 values. The value ofW/γH i 2 ranges typically from 3.092 to 14.027 for the perforated QBW model used in this study.
• The parameter W/γH i 2 is found to increase with increase in d/gT 2 for the given incident wave steepness.
• Design nomogram has been preparedfor arriving at the minimum weight of the quarter circle breakwater required per its unit length (for R/h t =0.902 and S/D=8).
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